Pinart M, Faffe DS, Sapiña M, Romero PV. Dynamic nonlinearity of lung tissue: effects of strain amplitude and stress level. J Appl Physiol 110: 653-660, 2011. First published December 16, 2010 doi:10.1152/japplphysiol.01115.2010.-Lung tissue presents substantial nonlinear phenomena not accounted for by linear models; however, nonlinear approaches are less available. Our aim was to characterize the behavior of total harmonic distortion, an index of nonlinearity, in lung tissue strips under sinusoidal deformation at a single frequency as a function of strain amplitude and operational stress. To that end, lung parenchymal strips from healthy rats (n ϭ 6) were subjected to sinusoidal deformation (1 Hz) at different strain amplitudes (⌬ε ϭ 4, 8, 12, 16, and 20%) and operating stresses (op ϭ 6, 8, 10, 12, 14, and 16 hPa). Additional rats (n ϭ 9) were intratracheally instilled with saline or bleomycin (2.5 U/kg, 3 times 1 wk apart), killed 28 days after the last instillation, and their lung tissue strips were studied at 5 and 10 hPa op and 5% ⌬ε. In both cases, harmonic distortion (HD%) of input (strain) and output (stress) signals were determined. In healthy strips, HD% increased linearly with ⌬ε, stress amplitude, and minimum stress by cycle variations, but showed no significant change with op levels. A prediction model could be determined as a function of operational stress and stress amplitude. Harmonic distortion was significantly increased in bleomycin-treated strips compared with controls and showed positive correlation with E behavior in both normal and diseased strips. We concluded that HD% can be useful as a single and simple parameter of lung tissue nonlinearity.
A LARGE PORTION OF ENERGY dissipation during breathing arises from the mechanical properties of the lung tissue. Nonlinear phenomena have been recognized as an important aspect of lung tissue mechanical behavior (7, 19, 22, 24) . Differences in tissue dissipation obtained from time and frequency domains indicate the presence of tissue nonlinearity, besides that of airway pressure-flow nonlinearity (1, 14, 15) . Indeed, physiological systems display nonlinear behavior, such as amplitude dependencies, under normal conditions, which can be significantly amplified in the presence of lung disease (6, 10, 24) . The currently employed paradigm that describes lung mechanics through the complex Young modulus [⌿ ϭ E ϩ jR; where E: elastance, R: resistance, : angular frequency, and j: (͌Ϫ1) imaginary unit] does not account for the nonlinear properties of lung tissue (4, 5, 23, 25) . Furthermore, in the presence of nonlinearities, measurements of the biomechanical properties of the respiratory system or its components can be influenced by data processing analysis as well as input signal characteristics (1, 15, 23) . Complex models approaching the nonlinear behavior of lung tissue, whole lung, or respiratory system have been proposed. Despite their increasing descriptive power, the intrinsic complexity of these models can be challenging their use in daily research (12, 13, 25, 29, 30) . Another approach that is model independent is to assess the degree of nonlinearity in a nondimensional way, through the study of output and input signals harmonic distortion of lung tissue submitted to a sinusoidal deformation.
When a single sinusoidal signal, of a particular frequency, is passed through a nonlinear system, the output signal is a combination of the input frequency and its harmonics. This is called harmonic distortion of the signal. Both the number of harmonics generated and their amplitude depend on the degree of nonlinearity of the system. Hence, harmonic distortion reflects the extent to which a periodic signal deviates from a single sine wave and increases proportionally to increasing system nonlinearity (24, 25, 30) .
Harmonic distortion of an input signal has been used to quantify nonlinear lung behavior (8, 27) . However, no systematic analysis of this parameter has been performed to characterize lung tissue nonlinearity as a function of strain amplitude and operational stress.
Nonlinearity of lung tissue may change consistently with the variation of amplitude and stress levels and probably with oscillation frequency. The purpose of this study was to observe the response of harmonic distortion to changes in strain amplitude and operational stress of lung tissue strips submitted to sinusoidal deformation at a single frequency. The definition of HD behavior in these conditions would improve the interpretation of experimental biomechanical results and could, eventually, yield a predictive factor in the presence of lung tissue diseases. Since our initial results showed HD dependence on strain and stress amplitudes, it was further studied in tissue strips obtained from a bleomycin-induced model of lung fibrosis.
MATERIALS AND METHODS
All experiments were carried out in accordance with the current legislation on animal experiments in the European Union and approved by our institutional committee for animal care and research (Animal Experimentation Ethics Committee, University of Barcelona).
Healthy animals. Six specific pathogen-free (SPF), male SpragueDawley rats (250 -350 g) were obtained from Harlan Ibérica (Sant Feliu de Codines, Spain). Rats were anesthetized with intraperitoneal injection of ketamine (75 mg/kg) and diazepam (5 mg/kg). After anesthesia, heparin (1,000 IU) was intravenously injected and, 5 min later, the animals were exsanguinated by sectioning abdominal aorta and vein cava. The lungs were removed en bloc and placed in a modified Krebs-Henseleith (K-H) solution (mM: 118.4 NaCl, 4.7 KCl, 1.2 K3PO4, 25 NaHCO3, 2.5 CaCl2·H2O, 0.6 MgSO4·H2O, and 11.1 glucose) buffered at pH ϭ 7.40 and stored at 6°C (9) . One subpleural strip (15 mmϫ3 mmϫ3 mm) was obtained from each right lung.
Bleomycin-challenged animals. Thirteen SPF, male Sprague-Dawley rats (225-275 g at the beginning of the experiments), were obtained from Harlan Ibérica. Rats were fed a standard rat chow and housed under SPF controlled environmental conditions (temperature 22°C, 12-h light/dark cycle). Animals were given water and food ad libitum. After anesthesia with 4% isofluorane, animals received saline (n ϭ 4) or a sublethal dose of bleomycin (2.5 U/kg dissolved in 0.25 ml of 0.9% NaCl, n ϭ 9) intratracheally, three times 1 wk apart, and were killed 28 days after the last dose. Body weight was recorded daily or every 2 days after instillation. At the time of study, animals were submitted to the same protocol described for healthy animals.
Experimental procedure in organ bath. Subpleural strips were suspended vertically in a K-H organ bath maintained at 37°C, continuously bubbled with a mixture of 95% O 2-5% CO2 (20) . Lung strips were weighed (W), and their unloaded resting lengths (L 0) were determined with a caliper. Lung strip volume was measured by simple densitometry: vol ϭ ⌬F/␦, where ⌬F is the total change in weight before and after strip immersion in K-H solution and ␦ is the mass density of K-H solution, average value of three measurements with a Ͻ5% variation was considered (9, 20) . One end of the strip was attached to a force transducer (FT03, Grass-Telefactor), and the other end was fastened to a lever arm actuated by a modified woofer driven by the signal generated by a computer and analog-to-digital converted (AT-MIO-16-E-10, National Instruments, Austin, TX). A sidearm of this rod was linked to a second force transducer (LETICA TRI-110, Scientific Instruments, Barcelona, Spain) by a silver spring of known Young's modulus, thus allowing the measurement of displacement.
Cross-sectional, unstressed area (A0) of the strip was determined from strip volume and unstressed length, according to A0 ϭ vol/L0. Basal force (FB) for a stress of 10 hPa was calculated as FB (g) ϭ 10 (hPa)·A0 (cm 2 ) and adjusted by vertical displacement of the force transducer as described before (20) . The displacement signal was then set to zero. Once basal force and displacement signals were adjusted, the length between bindings (L10) was measured by a precision caliper. Instantaneous length (Li) during oscillation around L10 was determined by adding the value of L10 to the measured value of displacement at any time. Instantaneous average cross-section area (Ai), stress (i), and strain (εi) were determined as: Ai ϭ vol/Li (cm 2 ); i ϭ force (g)/Ai (cm 2 ); and εiϭ (Li/L10)/L10, respectively. Preconditioning. An oscillation between 3 and 25 hPa, at 0.3 Hz, was then applied to the samples for 5 min or until a stable length-force loop was reached. Then, amplitude was progressively reduced to 5% L10 and adjusted to an operational stress of 10 hPa. Oscillation was maintained for another 20 min at a frequency of 1 Hz until the beginning of measurements. Bath solution was renewed regularly (every 20 min) with 37°C K-H solution.
Measurements in healthy animals. Three protocols were applied after preconditioning. In protocol A, changes in strain amplitude (⌬ε ϭ 4, 8, 12, 16, and 20%) were applied at fixed operational stress (op ϭ 10 hPa). In protocol B, changes in strain amplitude (⌬ε ϭ 4, 8, 12, 16, and 20%) were applied over a fixed minimum stress by cycle (min) of 4 hPa, and therefore, average stress increased with strain amplitude. In protocol C, changes in operational stress (op ϭ 6, 8 10, 12, 14, and 16 hPa) were applied at fixed strain amplitude (⌬ε ϭ 5%). Operational and minimum stresses by cycle were defined as the average or minimal i for a given number of entire cycles, respectively. Strain amplitude refers to peak-to-peak amplitude of εi. The operational limits of i were 2 to 30 hPa. Therefore, changes in strain amplitude were constrained by these limits. Oscillation frequency was fixed at 1 Hz. Both the order of protocols and the variations inside each protocol were applied randomly, avoiding repetitions. Between two consecutive variations, samples were oscillated at ⌬ε ϭ 5% and op ϭ 10 hPa for 3 min. Force and displacement signals were amplified, filtered at a corner frequency of 40 Hz, and digitally converted. Because all variations were applied through the input signal, instantaneous length of the sample was continuously monitored. Twenty-second recordings were performed at each variation level at a sampling frequency of 200 Hz. Total duration of the experiment from the beginning of preconditioning was ϳ90 min.
Measurements in bleomycin-challenged animals. After the same preconditioning protocol, samples were set at op ϭ 10 hPa and ⌬ε ϭ 5%. Then, three 20-s recordings at 1 Hz and two op (5 and 10 hPa) were performed, changing the order of recordings. Both force and displacement signals were preamplified, filtered at 50 Hz, and sampled at a frequency of 250 Hz.
Measurement of harmonic distortion. When a signal is passed through a nonlinear system, the output of the system consists of not only the fundamental frequency, but also its harmonics. The number of harmonics and their amplitudes depend on the degree of system nonlinearity. The deviation of a signal from a pure sinusoid can be expressed in terms of its distortion. Therefore, if the input to a system is an ideal sinusoid, the degree of nonlinearity in the output signal can be characterized by the distortion value. In general, input (strain) and output (stress) signals each consist of a fundamental component with frequency, together with a series of higher harmonics at frequencies that are integer multiples of the fundamental frequency (24, 25) .
Harmonic distortion (HD) of the sinusoidal input (strain) and output (stress) signals was calculated from the discrete Fourier transform as the square root of the ratio of spectral powers sum of the 10th first harmonics above the fundamental harmonic to the amplitude of the fundamental frequency (A 1), expressed as a percentage (24, 25, 30) . The following equation yields HD.
where Ai are the amplitudes of the harmonics. HD is usually reported in terms of the highest order harmonic present in the measurement "i," always under Nyquist frequency. The time-based signal was windowed using a scaled Hanning window to reduce spectral leakage, and thereby improve measurement accuracy of HD and harmonic amplitudes. Only data with input HD lower than 2% were considered. Because measurement noise (background noise) can also produce power at noninput frequency in the measured output, in addition to that purely due to nonlinear distortion, the HD% values were corrected for background noise by linear interpolation, as described by Zhang et al. (30) .
Data analysis. Analysis and parameter estimation were performed by specific software elaborated with LabVIEW 7.0 (National Instruments) as previously described (20) . Briefly, the frequency response was computed from the time-domain strain (stimulus) and the timedomain stress (response), according to the transform function:
where 0 is the elastic or Young complex modulus at the fundamental frequency (f 0 ϭ 1 Hz); ᑣ indicates the calculation of the Fourier Transform by fast Fourier Transform; , stress; ε, strain; and H denotes the application of the Hanning window. This result was transformed into single-sided magnitude and phase (). For values of magnitude and phase corresponding to the fundamental frequency of 1 Hz, tissue elastance (E), resistance (R), and hysteresivity () were calculated according to: E ϭ ·cos (), ϭ tan (), R ϭ E·(/2).
Statistical analysis. SPSS 12.0 statistical software package was used. One-way ANOVA was used to compare HD% among different experimental conditions. Correlations were tested by linear regression. One-way ANOVA was used to compare bleomycin-induced group with controls as well as with predicted values. In all instances the significance level was set at 5% (ϭ0.05). A stepwise multivariant linear regression was used to elaborate a prediction model. We used the probability of F for stepping method criteria, variables were entered if P Ͻ 0.05 and removed if P Ͼ 0.1.
RESULTS
Healthy animals. Representative stress vs. strain curves obtained in healthy rat lung tissue strips submitted to sinusoidal deformation, at 1 Hz, under three different protocols are presented in Fig. 1 . Table 1 shows tissue elastance, resistance, hysteresivity, and harmonic distortion behavior under the three protocols: A, different strain amplitudes at fixed operational stress; B, different strain amplitudes from fixed min ; and C, different operational stresses at fixed strain amplitude. Tissue elastance (E) and resistance (R) showed strong positive dependence on operational stress. On the other hand, changes in strain amplitude at fixed operational stress induced slight, but significant, decreases in tissue elastance and resistance. However, E increased and hysteresivity decreased with protocol B when strain amplitude was increased from the same stress minima, whereas resistance did not change significantly. Figure 2 shows the percent of harmonic distortion (HD%) of input (strain) and output (stress) signals as a function of strain amplitude ( Fig. 2A) and as a function of stress amplitude (Fig.  2B ) when lung tissue strips were submitted to changes in strain amplitude at a fixed operational stress of 10 hPa. Input harmonic distortion was consistently stable and virtually negligible (under 2%), indicating a good quality of the sinusoidal input signal and avoiding linear correction bias. Stress HD% (HD%) showed a significant linear positive dependence on strain amplitude, as well as on stress (peak-to-peak) amplitude. Changes in strain amplitude over a min of 2 hPa also depicted positive relationships between HD% and operational stress level, strain amplitude, and stress amplitude (Fig. 3) . On the other hand, HD% showed virtually no dependence on operational stress or stress amplitude at fixed strain amplitude (Fig. 4) .
From the above results, a prediction model was obtained by testing the harmonic distortion of stress against the operator variables (⌬, op , min , and ⌬ε). The best multivariant fitting was obtained when HD% was expressed as a function of strain and stress amplitude and minimum stress, with a coefficient of determination (r 2 ) of 0.963 (Fig. 5 ). Bleomycin-treated animals. Table 2 shows lung tissue E, R, , and HD% in control and bleomycin-treated rats under sinusoidal oscillation at two operational stresses and 5% ⌬ε.
Bleomycin increased E and R compared with controls at both 5 and 10 hPa, as previously described (16) . No changes were observed in . Bleomycin also increased HD% at both 5 and 10 hPa in relation to control.
The prediction model in Fig. 5 was further tested in the bleomycin-induced model of lung fibrosis. Figure 6A shows saline (open symbols) and bleomycin-treated (closed symbols) animals in relation to the prediction model. Controls (saline instilled animals) are inside or in near vicinity of the 95% prediction bands, while bleomycin-treated animals are mostly outside the higher limit.
Lung tissue strips from bleomycin-treated rats showed significantly higher (P Ͻ 0.001) harmonic distortion of stress compared with control animals at both 5 and 10 hPa op (Fig.  6B) , indicating increased tissue nonlinearity in the presence of abnormal lung remodeling.
To investigate the correlation between total harmonic distortion and tissue elastance, E was taken as the independent variable in the bleomycin model. This choice was based on reported evidences that bleomycin-induced lung injury is quite variable, and, in this situation, E reflects the amount of lung remodeling (17) . Percent of harmonic distortion showed a positive relationship with tissue elastance behavior in bleomycin-induced animals, either at 5 or 10 hPa operating stress levels (Fig. 7) , but not in control animals.
In healthy strips, HD% was considered as the independent variable for correlation analysis, because one of our aims was to investigate the association between nonlinearity and E behavior. In healthy animals, a positive correlation between HD% and elastance was observed only with changes in strain amplitude from a fixed min (Fig. 8) .
DISCUSSION
The percent of harmonic distortions (HD%) of input (strain) and output (stress) signals were determined in lung tissue strips obtained from healthy rats under sinusoidal deformation at a single frequency (1 Hz). Three protocols were applied to identify strain amplitude and operational stress dependences, as well as amplitude dependence over fixed min . Input HD% was consistently stable and small (under 2%) in all experimental conditions, indicating a high quality input signal, thus, avoiding bias on the estimation of system nonlinearity. Stress HD% showed strong positive strain and stress amplitude dependence, while no significant dependence on operational stress was observed (Figs. 2-4) . The results allowed us to obtain a prediction model using a simple parameter (HD%) as a function of strain and stress amplitudes and minimum stress by cycle to access lung tissue nonlinearities. Furthermore, the obtained prediction was tested successfully in a model of bleomycin-induced lung fibrosis. A positive correlation between HD% and tissue elastance was identified in bleomycinchallenged animals (Figs. 5-7) .
Lung tissue displays nonlinear behavior under physiological conditions, which can be observed by the shape of typical stress-strain curves of lung strips submitted to sinusoidal oscillation. Although most analyses of lung parenchyma behavior have been based on linear models, experimental data clearly demonstrate the existence of significant nonlinear phenomena. In the presence of nonlinearity, stress-strain curve shape and enclosed area depend on the harmonics of both strain (input) and stress (output). In this situation, if a linear equation of motion is assumed, the parameters determined will also be functions of the harmonics. As a consequence, the superposition principle governing linear systems is not strictly valid (13, 11, 25, 28) . In the presence of nonlinearities, the outcome measurement can be influenced by many factors, such as data processing analysis and the type of the input signal, leading to Values are mean Ϯ SD of six lung tissue strips from healthy rats submitted to sinusoidal deformation at 1 Hz under five strain amplitudes (⌬ε) at fixed operational stress ( ϭ 10 hPa), five strain amplitudes (⌬ε) at fixed minimum stress by cycle (min ϭ 4 hPa), and under six operational stress levels at 5% ⌬ε. different mechanistic conclusions depending on the applied methodology (29) . Harmonic distortion has been used as an index of system nonlinearity in addition to frequency dependence of lung mechanical impedance and has been found to be sensitive to physiological and pathological conditions (23) (24) (25) .
Different studies report inconsistencies between mechanical variables from linear analysis that can result from nonlinear distortions of the input signal used to approach lung biomechanical behavior. The input distortion generally increases with volume amplitude, which may produce misleading results regarding amplitude dependence of R and E, even when low amplitude broadband input signals are used due to the failure of the Fourier analysis (23, 24) . Therefore, when the input signal is not a perfect sinusoid, the appearance of harmonics in the output signal is not simply due to a nonlinear transfer function (25) but to the presence of significant harmonics from the input signal, and the interaction between both. In the present study, input HD% was roughly constant and nearly negligible (under 2%), allowing unbiased stress HD% interpretation. In a preliminary study, with different input HD% controlled between 0.5 and 10%, we observed that HD% of the input signal showed no correlation with output HD% whenever input HD% was Ͻ2%. For input HD% above 2% a linear relationship between input and output HD% was found, with a slope near 1 (1.05-1.10; data not shown).
Harmonic distortion index (k d ) has been generally used to quantify lung nonlinearity in multifrequential broadband input, identifying the tissues as the primary source of nonlinear harmonic interactions within the lung (30) . k d determination, however, requires special input frequency selection to avoid ambiguous and nonspecific results. Furthermore, k d index includes the effect of both pure harmonic distortion (components that are integer multiples of the input frequency) and crosstalk (components that are sums and differences, or linear combinations of fundamental frequencies and their harmonics; Refs. 25, 30) . In the present study, we characterized the behavior of harmonic distortion in lung tissue strips under a single frequency. Although this procedure does not allow studying eventual frequency dependencies of HD%, it allows the determination of system nonlinearities in a simple way, without crosstalk influences. Furthermore, the study was carried out on isolated lung parenchymal tissue strips, therefore avoiding contributions from airway mechanics, air-liquid interface, and surfactant kinetics, as well as alveolar recruitmentderecruitment. This procedure allows a better observation of the biomechanical contribution of extracellular matrix components.
Our results showed strong positive dependence of HD% on strain and stress amplitudes (Fig. 2) . Amplitude dependences were maintained when strain amplitude variation was applied from a fixed min (Fig. 3) . The observed HD% dependence on strain amplitude in tissue strips under sinusoidal deformation is similar to the reported volume-dependent behavior of the extended harmonic distortion index (k d ) in intact lungs (25, 30) , as well as in lung tissue strips (27) , supporting the concept that lung nonlinearities are mostly contributed by lung tissues. On the other hand, HD% presented no significant dependence on operational stress (Fig.   4) , in contrast to k d behavior (27) . It is worth noting, however, that the dependence of k d on op is much smaller than the dependence on strain amplitude (27) . Furthermore, HD% characteristics were determined under sinusoidal deformation at a single frequency (i.e., without crosstalk influence), while k d measurements result from broadband input signals, estimating the amount of both harmonic distortion and crosstalk (30) , which might explain, at least in part, the inconsistencies between results. Furthermore, in our study, HD% was determined at a single frequency in dynamic conditions, and the participation of static and dynamic nonlinearities cannot be separated. According to Yuan et al. (28) , the nature of static and dynamic nonlinearities is opposite: the incremental spring constant along the quasistatic stress-strain curve is an increasing function of stress and strain, whereas purely dynamic nonlinearity is a decreasing function of strain amplitude around a fixed operating point. Our results can be understood as the combination of both phenomena.
Although it was not one of our primary aims, the obtained data resulted in a predictive model that was further applied in a bleomycin-induced model of lung fibrosis (Fig. 4) . The prediction showed that HD% variation can be reasonably achieved as a function of operational stress and stress amplitude applied to tissue strips. Thus it could be potentially useful for interpreting biomechanical measurements in abnormal lung tissues where nonlinearities are increased. Values are mean Ϯ SD of lung tissue strips from rats treated with saline (control, n ϭ 4) or bleomycin (2.5 U/kg three times, one week apart, n ϭ 9) and submitted to sinusoidal deformation at 1 Hz. Animals were studied 28 days after the last treatment, under five strain amplitudes (⌬ε) at fixed operational stress ( ϭ10 hPa), and under six operational stress levels at 5% ⌬ε. HD% ϭ percent total harmonic distortion of stress. Previous studies demonstrate that chronic bleomycin-induced lung fibrosis yields parenchymal remodeling, with significant correlation between collagen deposition and tissue elastance (2, 3, 16, 17) . Indeed, it has been suggested that the increase in collagen fibers is an important determinant of lung tissue mechanics (2) . HD% in bleomycininduced strips was significantly higher than those obtained in control strips and those predicted by the fitted model (Table 2 and Fig. 6 ). Control animals also tended to have HD% slightly higher than predicted values. It has to be noted that in contrast to normal animals, controls were not naive, but had been exposed to repeated intratracheal instillations of saline. Furthermore, HD% had a positive correlation with tissue elastance, as a marker of lung tissue remodeling, in bleomycin-exposed animals (Fig. 7) . Many studies aimed to determine a relationship between extracellular matrix composition and the biomechanical behavior of lung parenchyma (8, 11, 27) . Previous study in whole lungs (8) reported an increase in k d after elastase treatment, with significant correlation between k d and tissue elastance. Our results support and amplify these findings. Although tissue elastance shows opposite behavior in fibrosis compared with elastase model, in both cases remodeling led to collagen deposition in lung parenchyma. Then the significant correlations reported between elastance and nonlinearity parameters (k d or HD%) can be potentially explained, or even determined, by the increased amount of collagen fiber. Furthermore, our study was performed in lung parenchyma strips, e.g., without influence of airway closure, which underlies the specific events occurring at the extracellular matrix. Taken together, these findings suggest a main role for collagen in nonlinear behavior.
Harmonic distortion is phenomenological in nature, therefore it cannot be interpreted in terms of specific structural mechanisms. However, as an indicator of lung tissue nonlinearity, it can be interpreted under the light of the theories accounting for nonlinear phenomena in lung tissue. Since the first studies by Setnikar (21) , both static and dynamic nonlinearity have been interpreted in terms of recruitment of elements in the extracellular matrix, either purely elastic (21) , viscoelastic (18) , or viscoplastoelastic (11) . In a previous paper (18) we proposed that the mechanical behavior of lung tissue can be studied using the block model of Takayanagi (16) , applied to analyze the mechanical behavior of compound polymeric materials. This model assumes that the behavior of the tissue as a whole corresponds to the behavior of a recruiting material (linear elements) acting in parallel with a recruited matrix and in series with the rest of the matrix. This model is compatible with a description of lung structure as being composed of a continuous network of fibers (mainly elastin and collagen). In the absence of recruitment, the behavior would be linear and characterized by the mechanical properties of the serial matrix. This model allows a conceptual explanation of our results that does not preclude similar approaches from other recruitment-based models, assuming individual elements with linear behavior. From this model, we can foresee an increase of nonlinearity with the amplitude of strain or stress, coherent with the increase in recruitment/derecruitment in these conditions. In contrast, a simple increase of the operative stress at fixed strain amplitude would not increase the amount of recruitment/derecruitment, although the increased amount of recruited matrix would increase system elastance.
In the present study, tissue elastance showed a linear positive correlation with HD% in bleomycin-challenged animals (Fig. 7) . In normal tissues this correlation was consistently observed only in one protocol, when strain amplitude was increased at a fixed min , while different operational stresses or increasing strain amplitude keeping a fixed operational stress did not show any influence of HD on elastance behavior. When strain amplitude changes, with minimum stress by cycle maintained at a fixed level, operational stress consequently increases as a function of strain amplitude. In this particular situation, both recruitment and matrix participation increases, leading to higher HD% and elastance than baseline. On the other hand, during strain amplitude variation maneuvers under fixed operational stress, recruitment-derecruitment of extracellular matrix (ECM) occurs, but the total amount of ECM participating in the process remains unchanged. A different scenario develops when operational stress varies under fixed strain amplitude, with progressive increase in matrix participation, but maintained pick-to-pick extension of lung tissue (thus without increase in recruitment). The results support the theory that tissue elastance is mainly determined by the total amount of ECM participation, while nonlinear behavior of the lung, measured by HD%, is explained by recruitment (18) . In bleomycin-induced fibrosis, however, recruitment and matrix participation increased simultaneously, augmenting both E and HD%, thus yielding a linear correlation between them as a surrogate of abnormal ECM remodeling (Figs. 5 and 6 ). Taken together, these findings support the concept that tissue elastance and nonlinearity are two distinct and relatively independent phenomena that can change simultaneously under specific conditions, e.g., when both increased ECM participation and recruitment occur.
In summary, our results demonstrate that harmonic distortion is an intrinsic and predictable property of lung tissue that can be useful in the interpretation of experimental measurements of normal and diseased lung tissue strips. 
